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The results of analyses obtained in Part I are examined from the viewpoint of chiral 
symmetry. The mass spectra of tttt system are widely believed to be suppressed generally 
near the threshold, because of the derivative coupling property of Nambu-Goldstone tt meson, 
^■f^ ' However, this suppression does not hold in the processes with large energy release, and the 

I steep increase from the tttt threshold observed in the transition T(3S' — > IS) is shown to be 

consistent with general constraints from chiral symmetry. 



' §1. Introduction 

(N ' 

, In Part 1,^ we have analyzed systematically the vrvr production amplitudes in 

■ the transitions, T{2S) T{IS), r(35) ^ T{IS), r(35) ^ T{2S) and ^Ij{2S) 
' J/'tp{lS), and the vrvr and KK production amplitudes in the trasition, J/ip — > (p. 
The production amplitudes J- are parametrized in the form of the coherent sum 
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I of a Breit-Wigner amplitude J-^ and direct 27r amplitude J-2n, following the VMW 
^p^' method. 

Oh! .g 



^ I Here To- (r27r) idd production coupling constant of a-state (27r-state) and e*^"^ (e^^^ir) 
' is a strong phase factor. The 771,7^77 or tukk spectra are described well through all 
the relevant processes. Especially the double peak structure in T{3S) — > T(lS')7r7r 
decay spectra was nicely reproduced by the interference between .7> and J^2tt- The 
obtained S-matrix pole position of a state is rua — iT^^/^ = 526 — ilSOMeV, which 
is taken commonly through all the relevant processes. This seems to give a strong 
evidence for existence of (t(500~600). 

However, we must give special attention on the threshold behaviors. Because of 
the derivative coupling property of vr meson as Nambu-Goldstone boson appearing 
in chiral symmetry breaking, the spectra of \J-\'^ is widely believed to be suppressed 
in the tttt low energy region. For example, in the tttt scattering, the observed spectra 
is suppressed near the threshold. In the linear a model this suppression is produced 
by a strong cancellation between the a amplitude and the X(/)^ amplitude. In the 



* In our analysis the and r27r are taken asifree parameters, since the \a) state and \2tt) 
state are considered, from quark physical picture, EP as independent bases of S- matrix, and have 
independent production couplings, in principle. 
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relevant problem this suppression is actually observed experimentally in T[2S IS) 
and ^{2S — > 15), and is reproduced, similarly by the cancellation between and 
J^2n- However, in T{3S) T{1S)-ktt decay, the steep increase from the vrvr threshold 
is observed and is reproduced by constructive interference between J^^j and T2n, 
seemingly to be inconsistent with the derivative coupling property of pion. 

The relevant decay processes had conventionally been treated as the intermedi- 
ate two gluon emission process from transition between heavy quarkonium systems 
(described by the multipole expansion BP' of QCD), being accompanied by the con- 
version of gluons into pions (described by current algebra and PCAC). The main 
term of the amplitude, being proportional^ to s, comes from the trace of the glu- 
onic part of QCD energy momentum tensor 9^^, which is enhanced due to the trace 
anomaly in QCD. The resulting amplitude has Adler around s ~ 0, and predicts 
the suppression of the spectra near vrvr threshold in the general processes, while this 
is not valid in the transition T{3S) T{1S)tt'e, as was stated above. This seems to 
show that the multipole expansion method isO not applicable to the case with the 
larger energy release. 

In the following we examine the consistency of our results, especially the thresh- 
old behavior of T{3S IS"), with constraints from chiral symmetry, and it is shown 
to be actually satisfied. 



§2. Effective Lagrangian 



2.1. Suppression behavior in linear a model 

First we study the threshold suppression of vrvr scattering amplitude by SU(2) 
linear a model (LcjM). Through the mechanism of spontaneous chiral symmetry 
breaking the a acquires a non-zero vacuum expectation value (VEV) ctq = /tt, and 
the amr coupling (£int = — 5(77r7rO''7r^) appears. The gamr and A (defined by £int = 
— A(0^)^/4) are related with mo- as 



(To -I- a'; (To = /tt- go 



UX = iml-ml)/{2U). 



(2-1) 



The TTTT scattering A{s,t,u) amplitude is given as the sum of terms, attractive a 
amplitude and repulsive X4>^ amplitude. According to Eq.(2-1), these two amplitudes 
strongly cancel with each other in 0{p^) level (, where p means a momentum of the 
pion), leaving the 0{p'^) Tomozawa- Weinberg amplitude, which is consistent with 
the derivative coupling property of Nambu-Goldstone tt meson. 



A{s^ t, u) 



ml + {pi + P2Y 



2A = -i 

J IT 



m. 
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* Multipole expansion method is effective in case (kr) <^ 1, where fc is a typical momentum of 
the emitted gluon, which may be determined as fc « (Af' — M)/2 {M'{M) being mass of the initial 
(final) quarkoniiun) . r is the size of the quarkonium, which is estimated, by using the quark model, lP 
with the values,!' (r> = S.SGeV"^ for T{SS) and (r> = 2.3GeV-^ for r{2S). Thus, (kr) « 0.65 for 
T{2S 15"), while (fcr) « 1.6 for T{3S IS). This fact suggests the expansion is not effective for 

rlss IS). 
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where pi,P2 are momenta of the emitted pions. The final form has Adler 0: The 
A(s, t, u) vanishes when pi^ is continued as pi^ — > 0^ but p2^ remains on mass shell. 
This corresponds to zero at s = — (pi +^2)^ = ml, being close to the threshold. 

2.2. Effective T decay interaction-N on- derivative type 

The similar cancellation is obtained in the T decay amplitude derived by the 
effective chiral symmteric Lagrangian of non-derivative type, 

-Cprod = C27r^/^^/i(0"^ + TT^), (2-3) 

where T'[T) is the field of initial (final) bb quarkonium. is the direct 2ti (and 2a) 
production coupling constant. Through the chiral symmetry breaking, the direct 
one-(T production coupling (£0- = ^^jT'^Tf^ia) appears, and the 6.a is related with ^2n- 

Cprod = i2.TlT^{fl + 2f^a' + a'^ + tt^), e<x = 2/^6.. (2-4) 

The vrvr production amplitude is given as the sum of J^a and J^2tt, which cancel 
with each other in 0{p^) level due to the constraint Eq. (2-4) of ^o- and £^2tt-, 

^ , ^ Ca(-2ga^^) ( rjil-ml \ ml-s 

J- = J-a + -r2T, = 9 h ^?27r = ^?27r Tn <~ ] = /?27r 9 , 

m^ — s \ rfi^ — s I mj. — s 

where s = —{pi + ^2)^- The final amplitude takes 0{p'^) form, being consistent 
with the derivative coupling property of vr meson. The Adler occurrs at s = 
— {pi + P2)^ = ml. This is consistent with the experimental threshold behavior in 
T{2S) r(15)7r7r, while is not with that in r{3S) r{lS)TT7r. 

2.3. Effective T decay interaction-Derivative type 

In order to explain the threshold behavior of T(35 IS) decay, we consider 
the following chiral symmteric "derivative type" interaction.0 

4rod = iidxT\d,r^idxad,a + d^Tv ■ d,7v). (2-5) 

Since this interaction is of derivative form, the mechanism of chiral symmetry break- 
ing gives no one-cr production coupling. Thus, there is no J^a amplitude cancelling 
T2tt- Then the tttt production amplitude is given by 

jr{d) ^ _^{d)^p„ . . ^ p„ . . p^)^ (2-6) 

where P"{P) is the momentum of T{3S){T{1S)). 
In the relevant T(35 — > 15) decay, the relation, 

Mr(3s) > Mr(is) > Mr(3S) - Mr(is)i= ^E) » m^, (2-7) 



* This interaction as well as Eq.(|2-3) is easily shown to lead to the S-wave dominance of the 
TTTT system, experimentally confirmed. EF 
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holds, where AE{= 895MeV) is the energy release of the relevant decay. Thus, in 
the rest frame of the initial T{3S) the final T{1S) is almost at rest, while the emitted 
two pion system accepts a large relativistic recoil velocity. 

The J-^'^^ vanishes when — > 0^. Thus this J-^'^^ has Adler 0, and satisfies 
the general constraints from chiral symmtery. However, the limit, pi^ 0^, is far 
from the momentum in the physical tttt threshold, and the corresponding does not 
lead to the suppression near the threshold, since at s = 4m^ the pion four-momenta 
should be pi^ = p2^ and the pion energy becomes pio = p2o ~ (M" — M)/2 = 
450MeV> 0. Actually the J^^"') can be approximated as J^^"') ^ -2^('^)M"MpioP20, 
which is almost s-independent in all the physical region and has no zero close to the 
threshold. By using this type of amplitude we can explain the steep increase of the 
T{3S) T{lS)mr spectra. 

In the analysis of Part I we have used the free parameters and r2TT- They 
correspond to the .^o- and S,2n in the effective Lagrangian, which have no constraints 
from chiral symmetry, and our treatment is proved to be correct. 

§3. Comparison between situations of tttt production and scattering 

Summarizing our considerations given in the previous sections, we compare the 
general features of tttt production processes with those of vrvr scattering process in 
Table I. 

Table I. Comparison of tttt production with tttt scattering 





TTTT production 


TTTT scattering 


Energy release AE 

Chiral momentum expansion 


S> rrin , generally large 
Not valid 


~ 0, close to threshold 
valid 


Form of amplitude 
Amplitude near threshold 


P-piP-P2 

~ 0{MAEf large 


P3 ■ Pi etc. 

~ O(m^) small 


Cancellation of and 

near tttt threshold 
Adlor limit pi^ 0^ 


generally No 

far from thres. region 


Yes 

close to thres. region 


Feature of spectra 


Steep increase from threshold 
Direct a peak in many cases 


Suppresion near threshold 
No direct a peak 



The vrvr production processes have generally much the larger AE than m-,^. Thus, 
the momentum of emitted pion becomes large, and the chiral momentum expansion 
in nonlinear treatment of pion is not applicable. The derivative type amplitude, as 
Eq.(2-6), may play an important role. The Adler exists but its limit pi^ — > 0^ 
is far from the physical momentum in threshold region, and so it does not give the 
suppression at the small s region, the spectra shows steep increase from threshold, 
and the direct a peak is observed in m^Tr ~ 500 ~ 600MeV. 

On the other hand in the vrvr scattering process, the AE ~ corresponds to 
the near-threshold region, and pion momentum itself becomes small. So the chiral 
perturbation theory is effective in this case, and the spectra are suppressed close to 
threshold. 

We can see the above mentioned situations actually in the following examples: 
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In the pp-central collision experiment, pp — > pp{7r^7:^), by GAMS the large event 
concentration in the low energy region m-TTTr ~ SOOMeV is explained as due to direct 
production of a resonance. The initial fast proton has large momentum of 450 GeV/c, 
and this process has very large AE giving the pion extremely high momentum in 
TTTT threshold. In J/'0 ^ ujtttt decay, where AE is very large, the chiral cancellation 
does not occur, and the direct a peak was observed directly. 

In the relevant problem the AE are {AEx(3s^iS)i '^Et{2S^is)i ^Et{3S^2S)'j 
^E^{2S^iS)) = (895, 563, 332, 589)MeV. Among these values the AEr(^3s^iS) is the 
largest. Actually only this process shows the steep increase from threshold. 

§4. Concluding Remarks 

Through the above theoretical considerations we may conclude that the method 
of our analysis applied in Part I, is shown to be consistent with the general require- 
ment from chiral symmetry. In the tttt production processes with large energy release 
to the TTTT system, the chiral cancellation between a amplitude and 2tt amplitude near 
the TTTT threshold does not occur, and the direct a peak is generally observed, while 
in the vrvr scattering with small energy release near the threshold the cancellation 
occurrs, and the direct a peak cannot be observed in the spectra. 

Finally we give a short comment on the possible origin of£('^). If we have the 
coupling to intermediate tensor glueball states Gf^^, CP = (,gd\T" fj^d^T^G \u , the C^"^^ 
is obtained. This form of C9 is naturally derived from the calculation in a covariant 
level classification scheme.™ 

The other possible origin is the BB coupled channel effect ,0 T(35) BB 
ttB*B — > imBB — > 7r7rT(lS'), which is expected to be strong since the threshold 
energy 2mB is very close to 'mx(3S)- If B* is a scalar meson, the corresponding 
amplitude is proportional to the emitted pion energy, and is similar to Eq.(2-6). 
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